One of the major limitations in RNA structure prediction is the lack of information about the effect of nonstandard nucleotides on stability. The nonstandard nucleotide 7-deaza-adenosine (7DA) is a naturally occurring analog of adenosine that has been studied for medicinal purposes and is commonly referred to as tubercidin. In 7DA, the nitrogen in the 7 position of adenosine is replaced by a carbon. Differences in RNA duplex stability due to the removal of this nitrogen can be attributed to a possible change in hydration and a difference in base stacking interactions resulting from changes in the electrostatics of the ring. In order to determine how 7DA affects the stability of RNA, optical melting experiments were conducted on RNA duplexes that contain either internal or terminal 7DA·U pairs with all possible nearest-neighbor combinations. On average, duplexes containing 7DA·U pairs are 0.43 and 0.07 kcal/mol less stable than what is predicted for the same duplex containing internal and terminal A-U pairs, respectively. Thermodynamic parameters for all nearest-neighbor combinations of 7DA·U pairs were derived from the data. These parameters can be used to more accurately predict the secondary structure and stability of RNA duplexes containing 7DA·U pairs.
INTRODUCTION
An abundance of RNA primary sequence information has been made available from a variety of sequencing projects. However, the secondary and tertiary structures of RNA must be studied to better understand the function of RNA, how it interacts with other biomolecules, and how it can be targeted by potential therapeutics. Recent efforts (Mathews et al. 1999; Shi et al. 2014 ) have helped to understand and predict secondary structure from sequence, but one of the noteworthy limitations in RNA structure prediction is the lack of information about the effect of nonstandard nucleotides on stability.
In addition to the standard nucleotides, RNA contains a wide variety of nonstandard, or modified, bases, allowing it to play a part in many different biological roles. The RNA Modification Database currently contains information on 112 post-transcriptional modifications to RNA that have been noted in archaea, bacteria, and eukarya (Cantara et al. 2011) . The roles that these modifications play in biological systems are beginning to be elucidated (Cantara et al. 2011) ; however, our present knowledge of RNA nucleotide modifications and the effects of modification are still limited.
Recent studies with RNA duplexes containing the nonstandard nucleotides inosine (I) and pseudouridine (Ψ) have reported noteworthy changes in RNA thermodynamic stability after conversion from the corresponding standard nucleotides (Wright et al. 2007; Hudson et al. 2013) . When an adenosine (A) is converted to an I as a result of oxidative deamination by an enzyme family known as adenosine deaminases that act on RNA (ADARs), numerous changes take place (Fig. 1A,B ). An amino group of A is replaced with an oxygen, converting a hydrogen bond donor to a hydrogen bond acceptor. As a result of this functional group replacement, a C=N double bond in the 6-membered ring is converted to a single bond, and the single bond between the carbon and amino group of A is replaced with a C=O double bond. Additionally, the N3 of A is converted to NH on I, changing a hydrogen bond acceptor to a hydrogen bond donor. A shifted conformation, relative to the A-U conformation, is necessary to maintain two hydrogen bonds between I and U, which would alter the stacking of this hydrogen-bonded pair with the neighboring base pairs. Overall, the conversion of an A-U pair to an I·U pair yields the same number of hydrogen bonds between the WatsonCrick faces with a shifted conformation; however, a duplex containing an internal I·U pair is, on average, 2.3 kcal/mol less stable than the same duplex with an A-U pair (Wright et al. 2007) .
When a uridine is converted to a pseudouridine by the enzyme pseudouridine synthase, the base is essentially detached from the sugar, rotated, and reattached at the carbon-5 position (Charette and Gray 2000) . The conversion of a U-A pair to a Ψ·A pair also does not change the number of hydrogen bonds between the Watson-Crick faces but introduces a new hydrogen bond donor into the major groove through isomerization (Fig. 1A,C) . In this instance, the number and types of atoms remain the same and no base shifting is required to hydrogen bond with A; however, a rearrangement occurs in which the nitrogen on the sugar face is moved to the Hoogsteen face, and the double bond is moved within the ring, which likely alters the stacking interactions of this base pair with the neighboring base pairs. Hudson et al. (2013) reported that a duplex containing an internal Ψ·A pair is, on average, 1.7 kcal/mol more stable than the duplex with the corresponding U-A pair. With the recent insight that the modifications I and Ψ yield significant changes in stability, it would be beneficial to better understand how small changes to standard base pairs change the stability of RNA duplexes. The free energy changes and the roles of particular functional groups should be easier to interpret if there are fewer changes between the standard and modified nucleotides.
Of the many modified nucleotides found in RNA, 7-deazaadenosine (7DA) introduces a small change to the base structure and has been of substantial interest to the scientific community (Anzai et al. 1957; Acs et al. 1964; Owen and Smith 1964; Bloch et al. 1967; Olsen et al. 2004; Vittori et al. 2006; Dominguez-Martin et al. 2013; Kurogi et al. 2014) . 7DA is an analog of adenosine, in which the nitrogen in the 7 position of adenosine (N7) is replaced by a carbon (Fig. 1A,D) . This modification does not change the Watson-Crick face, so the number of hydrogen bonds formed with U remains the same, and no shifting occurs. On the sugar edge, the number and types of atoms and the types of covalent bonds also remain the same. The primary changes resulting from the removal of this nitrogen are a potential hydrogen bond acceptor on the Hoogsteen face of A is lost, and the electrostatics of the ring likely change, which could have an impact on the base stacking.
7DA has been found naturally in the bacteria Streptomyces tubercidicus and the marine sponge Caulospongia biflabellata (Biabani et al. 2002) . It has been studied for medicinal purposes as an antibiotic (Anzai et al. 1957; Bloch et al. 1967) , antiviral (Olsen et al. 2004; Vittori et al. 2006) , and anticancer (Owen and Smith 1964 ) agent due to its cytotoxicity and is commonly referred to as tubercidin. Studies have shown that when introduced into mammalian cells, this analog is incorporated into DNA and RNA (Acs et al. 1964) . The effects of 7DA on many cellular functions, such as the inhibition of nuclear speckle formation (Kurogi et al. 2014) , have also been investigated. When substituted for A, this analog can be used to better understand the importance of the N7 position of adenine when it behaves as a ligand (Dominguez-Martin et al. 2013) . In a computational study of the incorporation of tubercidin into RNA during transcription, the stacking ability of 7DA was studied, and the authors found that it was more likely to be incorporated near a G or C compared to an A or U due to a more favorable stacking energy (Ojha and Sanyal 1991) .
In addition to being important due to its biological role, studies with 7DA can also shed light on the role of N7 in stabilizing A-U pairs. Since the Watson-Crick face of 7DA is identical to its analog A, the number of hydrogen bonds between Watson-Crick faces will remain the same. Differences in stability may be attributed to a difference in base stacking, as the substitution of a carbon for N7 reduces polarity and may change the π stacking interactions with adjacent bases. Additionally, a possible difference in hydration due to the loss of a hydrogen bond acceptor at the N7 position (in the major groove) may contribute to a difference in stability. Since this nonstandard nucleotide has many applications, it would be beneficial to better understand and be able to quickly predict how the stability and secondary structure of an RNA sequence may be affected by its incorporation. In this study, we explored how 7DA affects the stability of RNA Watson-Crick duplexes by using optical melting experiments to derive nearest-neighbor parameters for 7DA·U pairs, which are reported herein. The stabilities of the studied duplexes were compared to the stabilities of the same duplexes containing A-U pairs, as predicted by the nearest-neighbor model (Xia et al. 1998) . Interestingly, we discovered that 7DA·U pairs usually resulted in a loss of stability compared to duplexes with the corresponding A-U pairs, with the most variability occurring in duplexes with terminal 7DA·U pairs. On average, duplexes containing internal and terminal 7DA·U pairs are 0.43 and 0.07 kcal/mol less stable than what is predicted for the same duplex containing internal and terminal A-U pairs, respectively.
RESULTS

Thermodynamic parameters
The thermodynamic parameters of duplex formation derived from van't Hoff plots and melt curve fits are shown in Table 1 . The model used to derive the thermodynamic parameters assumes a two-state transition during melting. Since all of the enthalpy parameters derived from the melt curve fits are within 15% of the enthalpy values of the van't Hoff plots, we can assume a two-state transition (Schroeder and Turner 2009 ).
Comparison of 7DA·U experimental free energies to A-U predicted free energies
On average, duplexes containing 7DA·U pairs are 0.43 and 0.07 kcal/mol less stable than what is predicted for the same duplex containing internal and terminal A-U pairs, respectively (Table 2) ; however, a substantial range was observed. A duplex containing a 7DA·U pair was measured from 1.21 kcal/mol more stable to 0.91 kcal/mol less stable than what is predicted for a duplex containing the corresponding A-U pair. According to Schroeder and Turner, a free energy difference of 0.5 kcal/mol can be considered a significant difference when comparing the free energies of two RNA duplexes (2009). Twelve out of the 24 duplexes containing 7DA·U pairs had a significant difference in free energy compared to what is predicted for the duplex containing the corresponding A-U pair. There is no obvious sequence pattern between the 7DA·U duplexes that are significantly different from those that are not. Similar calculations and comparisons for enthalpies and entropies can be viewed in Supplemental Tables S1 and S2.
Thermodynamic contribution of 7DA·U base pairs and derivation of nearest-neighbor parameters
The calculated thermodynamic contributions of 7DA·U pairs can be viewed in the Supplemental Table S3 . As described in Materials and Methods, linearly independent nearest-neighbor parameters were derived for 7DA·U pairs (Table 3) . The average free energy contribution of 7DA·U nearest neighbors is −1.42 kcal/mol compared to A-U nearest neighbors which contribute on average −1.73 kcal/mol (Xia et al. 1998 ). All of the generated 7DA·U nearest-neighbor free energy contributions are less stabilizing than their A-U equivalents except for the 7U UA term, which is 0.36 kcal/mol more stabilizing than the AU UA term (Xia et al. 1998) . The terminal 7DA·U penalty of 0.31 kcal/mol is less destabilizing than the 0.45 kcal/mol penalty of terminal A-U pairs (Xia et al. 1998) .
The new 7DA·U nearest-neighbor parameters were used with the previously determined parameters for standard Watson-Crick pairs (Xia et al. 1998 ) to calculate the predicted stabilities of the studied duplexes ( Table 1 ). The average deviations between the predicted and experimental values were 3.2%, 2.7%, and 3.2% for ΔG°3 7 , ΔH°, and ΔS°, respectively. These values are comparable to those previously reported for standard Watson-Crick pairs (3.2%, 6.0%, 6.8%, respectively) (Xia et al. 1998) , inosine-uridine base pairs (5.1%, 4.6%, 5.1%, respectively) (Wright et al. 2007) , and pseudouridine-adenosine base pairs (1.7%, 6.7%, 8.0%, respectively) (Hudson et al. 2013 ).
DISCUSSION
Duplex formation and two-state melts
All van't Hoff plots showed a linear relationship between T M −1 and log (C T /4), suggesting that duplex formation occurred as opposed to unimolecular folding. A single, sharp transition indicated the presence of a single species in solution. The agreement within 15% of all enthalpy values derived from the melt curve fits and van't Hoff plots provides evidence of a two-state transition (Schroeder and Turner 2009 ).
Comparison of thermodynamics and nearest-neighbor parameters of 7DA·U pairs to A-U pairs
The nearest-neighbor parameters for 7DA·U pairs are shown in Table 3 . Similar to standard Watson-Crick A-U pairs (Xia et al. 1998 ), all combinations of 7DA·U nearest neighbors contribute a negative term to total ΔG°3 7 , total ΔS°, and total ΔH°values. The stabilizing influence of neighboring Watson-Crick pairs on 7DA·U pairs follows the trends for the 5 ′ and 3 ′ base pairs:
, respectively. These observed trends are similar to the trend for favorable stacking energy values of bases adjacent to 7DA predicted computationally, in which G ≥ C > U > A (Ojha and Sanyal 1991 M total strand concentration.
Thermodynamic study of 7-deaza-adenosine·U pairs www.rnajournal.org 937 (Xia et al. 1998 ). For both 7DA·U and A-U parameters, the extra hydrogen bond between a neighboring G-C pair versus an A-U pair may explain why parameters with G-C neighbors are consistently more stable. While the overall trends for 7DA·U nearest-neighbor parameters and A-U parameters are similar, the free energy contributions of 7DA·U nearest-neighbor combinations are less stabilizing than A-U equivalents, with the exception of the 7U UA term, which is 0.36 kcal/mol more stabilizing than the AU UA term. The reasons for the differences in values and the overall average decrease in stability of duplexes containing 7DA·U pairs compared to A-U pairs could be due to a number of different sources. One possible source of destabilization is the loss of a hydrogen bond acceptor at the N7 position (Fig. 1) . In a thermodynamic study with Ψ-A pairs, the addition of a hydrogen bond donor increased duplex stability (in comparison to the same duplex with a U-A pair) due to possible coordination with a water molecule (Hudson et al. 2013) . Likewise, the N7 functional group located in the major groove of A-U pairs is available for interaction with the surrounding solvent. The loss of this functional group in 7DA·U pairs may cause a destabilizing change in hydration. Another possible source for the difference in stability is a change in the electrostatics of the ring system, which may result in less favorable stacking interactions. The atomic partial charges in the ring systems of 7DA and A show that the primary difference occurs around the 7 position, in which the concentrated electron density at the N7 position of A is distributed between C5, C7, and C8 in 7DA (Fig. 2) . The electrostatics of the Watson-Crick face of adenosine are not substantially different from that of 7DA, therefore the strength of hydrogen bonding is expected to remain about the same. In a typical A-form helix, the 7 position overlaps with the 5 ′ adjacent base (Fig. 3A,B) , but no direct overlap occurs at the 7 position with the 3 ′ adjacent base (Fig. 3C,D) . Therefore, destabilization resulting from less favorable stacking interactions should be more pronounced when 7DA has a 5 ′ neighbor. As expected, this difference in stacking can be seen when comparing the duplexes with terminal 7DA·U pairs to the same duplexes containing terminal A-U pairs. On average, duplexes with 7DA·U pairs on the 5 ′ terminal end (with 7DA at the 5 ′ end of the strand with no 5 ′ neighbor) were actually slightly more stable (by 0.11 kcal/mol) than the corresponding duplexes with A-U pairs. Duplexes with 7DA·U pairs on the 3 ′ terminal end (with 7DA at the 3 ′ end of the strand with a 5 ′ neighbor) were, on average, 0.26 kcal/mol less stable than the corresponding duplexes with A-U pairs. Compared to the predicted values for a duplex with a corresponding A-U pair, the duplex that contained a terminal 5 ′ -G7 CU -3 ′ combination showed the greatest decrease in stability, and the duplex that contained a terminal 5 ′ -7U UA -3 ′ combination showed the greatest increase in stability. The trend that the duplexes containing terminal 7DA·U pairs on the 3 ′ end were on average less stable than duplexes with A-U pairs, while those on the 5 ′ end were on average more stable, supports the idea of less favorable stacking of the 7 position of 7DA with its 5 ′ neighbor. The derived nearest-neighbor parameters listed in Table 3 are consistent with this difference in stacking. In nearestneighbor parameters consisting of a 5 ′ 7DA pair and a 3 ′ Watson-Crick pair, the average nearest-neighbor contribution to duplex stability (−1.56 kcal/mol) is almost equivalent to the corresponding A-U nearest-neighbor contribution (−1.59 kcal/mol). However, in nearest-neighbor parameters consisting of a 5 ′ Watson-Crick pair and a 3 ′ 7DA pair, the average nearest-neighbor contribution to duplex stability (−1.28 kcal/mol) is less stabilizing than the corresponding A-U nearest-neighbor contribution (−1.68 kcal/mol).
Comparisons can also be made between duplexes containing internal 7DA·U pairs and terminal 7DA·U pairs. The duplexes containing internal 7DA·U pairs are on average 0.43 kcal/mol less stable than the same duplexes containing A-U pairs, and duplexes containing terminal 7DA·U pairs are on average 0.07 kcal/mol less stable than the same duplexes containing A-U pairs (Table 2) . Interestingly, a similar finding was seen for I·U pairs where internal I·U pairs were less stable than their A-U counterparts, and terminal I·U pairs were more stable than their Thermodynamic study of 7-deaza-adenosine·U pairs www.rnajournal.org 939 A-U counterparts (Wright et al. 2007 ). The flexibility of the helix termini, increased breathing of terminal base pairs, and the extensive solvation of terminal base pairs may play a role when comparing internal modifications to terminal modifications.
Biochemical impact
The newly derived thermodynamic parameters can be used to calculate the stability of duplexes in which nonconsecutive 7DA·U pairs have been incorporated. For example, the stability of GCA7CGC CGUUGCG would be calculated using the previously determined Watson-Crick nearest neighbors (Xia et al. 1998 ) and the new 7DA nearest neighbors in Table 3 
Similarly, the stability of a duplex with a terminal 7DA·U 
The results of this study indicate that the substitution of a carbon in the N7 position of an internal A leads to a destabilization of the RNA duplex. Under the standard conditions for optical melting experiments, RNA duplexes containing 7DA·U pairs are, on average, less stable than duplexes with corresponding A-U pairs, with some variability based on the nearest neighbors and placement within the duplex. Additional studies are required to further shed light on the stabilizing and destabilizing effects of the incorporation of 7DA into RNA strands.
MATERIALS AND METHODS
Sequence design and purification
RNA sequences were designed to create duplexes containing internal and terminal 7DA·U pairs with all possible combinations of nearest neighbors. To prevent fraying at the ends and misalignment, the 7DA·U pairs and adjacent base pairs were placed within a G-C rich stem sequence. Structure prediction software, RNAstructure (Mathews et al. 2004) , was used to estimate the stability of the designed duplexes. Since RNAstructure does not accommodate 7DA, A was used in its place. The desired internal duplexes were ≥3.9 kcal/mol more stable than the second most stable conformation. As a result, we assumed that there would be little competition with alternate pairing. Oligonucleotides containing 7DA were ordered from the Keck Lab at Yale University, and the complementary strands containing only standard nucleotides were ordered from Integrated DNA Technologies. Purification using Waters Sep-Pak C18 cartridges and preparative thin layer chromatography was performed using standard procedures previously described (Wright et al. 2007 ).
Duplex formation and optical melting experiments
To determine the single-strand concentrations of the RNA using Beer's Law, high temperature absorbance readings at 280 nm and 80°C were obtained. Extinction coefficients for each strand were determined using the application RNACalc (McDowell and Turner 1996) , with A used in place of 7DA. Equal moles of complementary single strands of RNA were combined to form the duplex. This approximation has been used previously in the literature by our laboratory for optical melting experiments with other nonstandard nucleotides (Wright et al. 2007; Hudson et al. 2013 ). This approximation has also been used previously (Kowal et al. 2011; Mizrahi FIGURE 3 . The ability of the C7 (blue) on 7DA (red) to impact stacking interactions is likely decided by the positioning (5 ′ or 3 ′ ) of the 7DA relative to the adjacent base (green). Stacks are shown as follows:
These stacks were generated using InsightII (Accelrys) for standard A-form geometries and PyMOL (The PyMOL Molecular Graphics System, Version 1.7.4, Schrödinger) for visualization. et al. 2012) to determine the concentration of an oligomer containing 7DA. Even if this approximation results in small deviations from 1:1 mixing, the effect in mixing on thermodynamics derived from optical melting experiments has been found to be small up to 50% excess of one strand (Peritz et al. 1991; Xia et al. 1998 ). The total concentration of each duplex was determined by taking a high temperature absorbance reading and using the average of the extinction coefficients of the individual strands. An appropriate volume of sample was dried down and reconstituted in 100 µL of melt buffer (1 M NaCl, 20 mM sodium cacodylate, 0.5 mM disodium EDTA at pH 7.0) so that the maximum absorbance in a 0.1-cm path length cuvette would be ∼2 absorbance units. Optical melting experiments were performed on a Beckman-Coulter DU800 spectrometer with a temperature controller using a heating rate of 1°C/min from 10°C to 90°C at 280 nm. Each duplex was diluted and tested at nine or more different concentrations that covered a RNA concentration range of ∼50-fold.
Data analysis
The sigmoidal-shaped curves obtained from the melting experiments were analyzed using MeltWin software (McDowell and Turner 1996) which fits the curves to a two-state model and plots the reciprocal of the melting temperature (T M ) versus the concentration (C T ) according to the following equation:
In order to calculate the concentration of the duplex from the high temperature absorbance reading and extinction coefficients, MeltWin requires input of the sequence. When sequence information was entered into MeltWin, 7DA was entered as A since MeltWin does not recognize 7DA. The change in Gibbs free energy at 37°C was calculated according to the following equation:
Since values obtained from the fitting of melt curves and from the van't Hoff plots of T M versus C T were in good agreement, only values from the van't Hoff plots were used for later analysis. The use of the van't Hoff analysis for the determination of nearest-neighbor parameters is standard practice (Xia et al. 1998 ).
Derivation of nearest-neighbor parameters for 7DA·U pairs
The thermodynamic contribution of 7DA·U pairs was isolated from the total RNA duplex contribution by using the nearest-neighbor model. The total change in Gibbs free energy of each duplex can be written as the sum of contributions of all nearest neighbors: 
where DG W 37 CGA7AGC GCUUUCG is the measured free energy change associated with the duplex, DG W 37,i is the free energy penalty for duplex initiation (4.09 kcal/mol), and all other parameters are the individual nearest-neighbor free energy contributions (Xia et al. 1998 
Duplexes with internal 7DA·U pairs contained contributions from two 7DA·U nearest-neighbor parameters, while duplexes containing terminal 7DA·U pairs only contained one 7DA·U nearest-neighbor parameter. Equations 7 and 8 can also be written for ΔH°and ΔS°to determine the 7DA·U nearest-neighbor enthalpy and entropy contributions. The resulting 7DA·U thermodynamic contributions were assembled into a matrix in Microsoft Excel and the LINEST function was used to perform linear regression. The eight possible 7DA·U nearest-neighbor combinations and a terminal 7DA·U parameter were used as variables and were fit to the 7DA·U contributions described in Equation 8. The linear regression function solved for each variable and yielded eight linearly independent 7DA·U nearest-neighbor parameters, as well as a penalty for a terminal 7DA·U pair.
Computational analysis
The geometry for adenosine was obtained from InsightII (Accelrys). The ribose sugar was substituted for a methyl group, and the positions of the N−CH 3 bond on both base pairs and the C−H group at the 7 position of 7DA were optimized at the MP2(full)/6-311G * * level of theory using Gaussian 09 (Frisch et al. 2009 ) while the rest of the RNA base atoms were constrained to their InsightII position. The electrostatic potential maps of adenosine and 7DA were generated using the Psi4 computational package (Turney et al. 2012) . Electrostatic potential values were calculated from the frozen core density fitting MP2 method, 6-311++G * * basis sets, and aug-cc-pvtz-ri density fitting basis sets. The cube file was imported into Chemcraft (Chemcraft, Version 1.7 [build 375], Zhurko), and the diagram was created by painting the potential values on the van der Waals spheres.
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